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bstract

Viral transgenes designed to provide resistance to specific plant viruses frequently consist of the coat protein gene and a contiguous 3′ untranslated
egion (3′UTR) of viral origin. In many RNA viruses the viral 3′UTR establishes a recognition and initiation site for viral RNA replication. Thus the
ransgenic transcript may contain a functional virus replication site. Experiments were designed to determine if a challenging virus would recognize
his replication site on a nuclear derived transcript and synthesize the complementary RNA. These data demonstrate that upon infection by a virus

hat recognizes the viral replication site, a full-length complement of the transgenic transcript is produced. In these experiments the replication
omplex of Brome Mosaic bromovirus recognized the transgenic transcript derived from a Cowpea Chlorotic Mottle bromovirus transgene. The
esulting RNA may contribute to RNA recombination events.

2006 Published by Elsevier B.V.
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Viral protein mediated resistance is an effective means of
imiting viral infections in numerous plant species (Fitchen and
eachy, 1993). While various viral transgene constructs includ-

ng either the movement or replicase gene have provided virus
esistance, most documented examples and current applications
f viral gene mediated resistance involve the coat protein gene.
he majority of these coat protein gene constructs include not
nly the coat protein gene itself but also the 3′ untranslated
egion (3′UTR) that flanks the coat protein gene in many plant
NA viral genomes (Powell-Abel et al., 1986; Stark and Beachy,

989; Zaccomer et al., 1993). The 3′UTR may stabilize trans-
enic transcripts in the cytoplasm in much the same way as
he structural complexity of the natural 3′UTR provides stabil-
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ty to the genomic viral RNA. Beyond its role in stability, the
′UTR maintains the binding site for the viral replication com-
lex (Ahlquist et al., 1981; Sriskanda et al., 1996; Bachman
t al., 1994) and provides the initiation site for complementary
trand synthesis.

In previous studies, cowpea chlorotic mottle bromovirus
CCMV) was used to demonstrate that transgenic viral gene
ranscripts are available in the cytoplasm for recombination with

replicating virus (Greene and Allison, 1994). Subsequently
ecombination events involving a viral transgene were observed
n numerous other plant viral systems (Adair and Kearney,
000; Borja et al., 1999; Schoelz and Wintermantel, 1993, 1996;
arrelmann et al., 2000). In the initial CCMV experiments, trans-
enic transcripts included part of the coat protein gene and its
omplete 3′UTR. In subsequent experiments elimination of all or
art of the 3′UTR from the transgenic construct either prohibited
ecombination or lowered recombinant virus formation beyond
etection (Greene and Allison, 1996). The presence of the 3′
TR may have contributed to recombination events involving
he transgene in two ways. First the secondary structure of the
′UTR may have extended the transcript’s cytoplasmic half life
nd availability to the replication complex by providing resis-
ance to RNAses. Second, the replication complex binding site
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ay have remained functional and available to the challenging
irus. If a complement of the transcript were formed, both the
ransgenic transcript and its complementary copy may have been
nvolved in the demonstrated recombination events. Such events
ould explain the rather frequent detection of recombinants in
he previous CCMV laboratory experiments and foretell similar
vents in the field.

Studies with several potyviruses and cucumber mosaic virus
Teycheney et al., 2000) demonstrated that a viral transgene
s recognized and copied by viral replication complexes. The
ollowing experiments were designed to determine if a comple-
entary RNA copy of the CCMV viral gene transcript could be

etected in infected transgenic tissue and to estimate the quantity
f product synthesized.

Both Northern blot and RT-PCR analyses were used in
ttempts to detect the complementary copy of a CCMV viral
ransgene in transgenic plants infected with either wild type (wt)
CMV or brome mosaic bromovirus (BMV). While these tri-
artite bromoviruses share little sequence homology, they have
ne known common host (Nicotiana benthamiana, Domin) plus
MV has the capacity to replicate CCMV RNA (Allison et al.,
988).

Three sets of plant materials were used in this study: non-
ransgenic N. benthamiana, and two clonally propagated trans-
enic N. benthamiana lines referred to as 3–57 and �69. Lines
–57 contained a 694 nucleotide CCMV transgene consisting
f 451 3′ nucleotides of the coat protein gene and the complete
ontiguous 243 nucleotide 3′UTR (Greene and Allison, 1994).
ransgenic line �69 was similar but lacked the 69 terminal 3′
TR nucleotides. The transgenic fragment of the coat protein
ene used in both transgenic lines was distinguished from a sim-
lar region of the wild type virus by changing three nucleotides
ear the 3′ end of the coat protein gene to create a unique NotI
estriction site (Greene and Allison, 1996). Although transcripts
rom these constructs were detected in Northern blots derived
rom both transgenic lines, neither line demonstrated resistance
o either BMV or CCMV. N. benthamiana plants were inoc-
lated with leaf extracts derived from either BMV or CCMV
nfected plants that were originally inoculated with transcripts
f established cDNA clones (Ahlquist et al., 1984; Allison et al.,
988).

To define a period when virus replication was most active
hroughout the plant following basal leaf virus inoculation, dig-
abeled probes specific for the 3′ UTR of the genomic RNAs of
MV and CCMV, HE1 and RA518(+) respectively (Ahlquist
t al., 1981; Allison et al., 1990), were used to probe dot blots
f crude extracts derived from BMV or CCMV inoculated N.
enthamiana plants. Hybridization indicated that by 14 days
ost inoculation (dpi), infections had spread to all leaves of 45-
ay old plants (data not shown).

As single-stranded positive sense RNA viruses, bromoviruses
eplicate in the cytoplasm, where genomic RNA is a template
or complementary minus-sense RNA synthesis (Marsh et al.,

991a). Northern blot detection of minus strand copies of CCMV
NAs in total RNA extracted from non-transgenic CCMV inoc-
lated plants was unsuccessful. As a template for the genomic
lus-sense RNA, the accumulation of minus strand RNA is
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pproximately 100-fold less than plus strand RNA (Marsh et
l., 1991b). Some minus-sense RNA remains associated with
lus-sense templates and a relatively stable double-stranded
NA (dsRNA) can be isolated readily. This double-stranded
NA is resistant to mild ribonuclease treatment under high salt
onditions (Hardy et al., 1979) and was the target of further
ybridization experiments.

The dsRNA was denatured and Northern blotted (Hardy et
l., 1979; Sethna et al., 1989). In the resulting blots minus strand
CMV RNA was detected by a 32P-labeled RNA probe which

ecognizes the complementary copy of the 3′ UTR of CCMV
NAs. Using this RNA-RNA hybridization system, we were
ble to routinely detect the minus-sense genomic CCMV RNAs
rom 0.5 to 1.0 g of infected nontransgenic N. benthamiana plant
issue at 14 dpi. Optimization of sensitivity enabled detection of
0 pg of denatured plasmid DNA containing the cDNA copy of
CMV RNA3 (data not shown).

In an attempt to establish whether a complementary copy
f the transgene was synthesized during virus infection, trans-
enic lines 3–57 and �69 were inoculated with either BMV or
CMV. At 14 dpi, dsRNA from two grams of leaf tissue was gel

eparated, blotted and probed with CCMV probe RA 518(−)
Allison et al., 1990). Only minus strand genomic RNA was
etected. No minus strand band equivalent in size to the trans-
ene was observed.

The calibrated sensitivity of the hybridization probe used in
hese Northern blot assays indicated that if a minus strand copy of
he transgene was synthesized during infection, its concentration
as below the probe’s sensitivity. Thus if a complementary copy
f the transgene is synthesized, its concentration in dsRNA form
ust be well below that of genomic dsRNA and likely less than

0 pg/2 g of leaf tissue.
To better search for the complementary copies of the viral

ransgene, a more sensitive technique, RT-PCR, was used. In this
rocedure, total RNA from the above mentioned plant tissue was
reated with RNase-free DNase I to remove the plant genomic
NA including the chromosomal copy of the viral transgene.

minus-strand CCMV RNA3 specific oligonucleotide (5′-
AGTGGATCCCCTCTTGTGCGGCTGC-3′) primed first-

trand cDNA synthesis. DNA synthesis was completed using
he primer 5′-ACTCCAAAGAGTTCTTCCG-3′, which anneals
ear the 5′ terminus of the �69 transcript. The predicted size
f the RT-PCR fragment was 572 bp. As shown in Fig. 1, lanes
, 10 and 13, a minus-strand RNA was amplified in all CCMV
nfected 3–57, �69, and nontransgenic plants. A band of the cor-
ect size was also present in the BMV infected 3–57 transgenic
lants (Fig. 1, lane 12). This minus-sense RNA was not observed
n any mock-inoculated transgenic plants, BMV infected �69
lants or non-transgenic plants (Fig. 1, lanes 5, 6, 8, 9 and 11).

To determine if the 572 bp RT-PCR products originated from
ranscripts of the transgene, PCR products were digested with
otI. The NotI site characterizes only the transgene and a
utated form of CCMV, AG1, and is not present in the wild-
ype CCMV inoculum. The RT-PCR product derived from a
lant inoculated with AG1 was completely cleaved by the NotI
estriction enzyme Fig. 2, lane 3, but that of wild type CCMV
as not cleaved (Fig. 2, lane 5). The RT-PCR product of CCMV
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Fig. 1. Agarose gel electrophoresis with 572 bp RT-PCR amplified fragment
of negative sense CCMV RNA3 derived from total RNA from nontransgenic
and transgenic lines. Plants were inoculated with either BMV (B) or CCMV
(C). Lanes: 1. CCMV control AG1, 2. PCR negative control, 3. empty, 4.
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kb size marker (Gibco BRL). Lanes 5–7, 8–10 and 11–13 were derived from
ontransgenic, transgenic �69 and 3–57 plants respectively. M indicated mock-
noculated plants.

nfected �69 plants was not cleaved by NotI (Fig. 2, lane 7).
his indicates that the minus-strand CCMV RNA amplified in
CMV infected �69 transgenic plants were from the wild type
CMV. The RT-PCR product of CCMV infected 3–57 plants
as partially cleaved by NotI (Fig. 2, lane 11), indicating that

he minus-sense CCMV RNA3, which was PCR amplified, was
f two origins: most of the RNA was from wild type CCMV
noculum while some was from the transgenic RNA transcript.
or BMV infected 3–57 transgenic plants, the RT-PCR prod-
ct was completely cleaved by NotI. Note that no CCMV PCR
ragment is present in the BMV inoculated �69 plants (Fig. 1,
ane 9). Thus the RT-PCR amplified fragments in lanes 8 and

of Fig. 2 were derived solely from the viral transgene that
ad been converted to a minus strand during BMV replication.

his indicates that both the CCMV and BMV replication com-
lexes recognized the replication site on the CCMV transgenic
ranscript that contained the complete CCMV 3′ UTR and syn-
hesized a complementary copy of the transcript.

ig. 2. Agarose gel comparing non-digested and NotI digested RT-PCR products
mplified from total RNA extracted from virus infected plant tissue. Lane 1
ontains the 1 kb size marker. Control lanes 2 and 3 are PCR products derived
rom CCMV AG1, which contains the NotI site. Lanes 4 and 5 represent CCMV
nfected nontransgenic plants, lanes 6 and 7 are CCMV infected �69, lanes 8 and
are BMV infected 3–57 and lanes 10 and 11 are from CCMV infected 3–57.
CR products in lanes 3, 5, 7, 9 and 11 were treated with NotI while products in
ven numbered lanes were not digested. The arrow denotes undigested fragments
hile pointers indicate NotI digestion fragments.
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This study complements a previous report that describes
imilar viral transgene replication of several potyviruses and
MV in tobacco (Teycheney et al., 2000). This work exam-

nes viral transgene replication in N. benthamiana using two
dditional bromoviruses, BMV and CCMV. It supports and
xpands the previous report by suggesting the quantity of the
ransgene complement is below 10 pg in a 2 g leaf sample.
dditionally, this work supports the possibility that either the

ransgenic transcript itself or its complement may be involved in
he recombination events noted previously (Greene and Allison,
994).

Collectively these studies indicate that inclusion of the repli-
ation complex binding site in a transgenic construct may lead to
he synthesis of a complement of the transgenic transcript. This
nanticipated transcript may also contribute in recombination
vents involving RNA viruses that may challenge the transgenic
lant. With both forms of the transgenic transcript available,
NA recombination could occur during either positive or nega-

ive strand synthesis. The absence of the transgenic transcript’s
omplement in the �69 plants emphasizes the requirement for
complete 3′UTR for replication involvement. Thus, in the

nterest of prohibiting synthesis of a complement of the trans-
enic transcript and thereby inhibiting its possible involvement
n RNA recombination events, the natural 3′ UTR should either
e modified by deletion or point mutations. Alternatively, the
′ UTR could be replaced by a suitable stabilizing nucleotide
equence.
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